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Abstract 
 Ferroelectric oxides interfaced with transition metal dichalcogenides (TMDCs) offer a 
promising route toward ferroelectric-based devices due to lack of dangling bonds on the TMDC 
surface leading to a high-quality and abrupt ferroelectric/TMDC interface. In this work, the 
thermal stability of this interface is explored by first depositing hafnium zirconium oxide (HZO) 
directly on geological MoS2 and as-grown WSe2, followed by sequential annealing in ultra-high 
vacuum (UHV) over a range of temperatures (400-800 °C), and examining the interface through 
X-ray photoelectron spectroscopy (XPS). We show that the nucleation and stability of HZO 
grown through atomic layer deposition (ALD) varied depending on functionalization of the 
TMDC, and the deposition conditions can cause tungsten oxidation in WSe2. It was observed that 
HZO deposited on non-functionalized MoS2 was unstable and volatile upon annealing, while 
HZO on functionalized MoS2 was stable in the 400-800 °C range. The HZO/WSe2 interface was 
stable until 700 °C, after which Se began to evolve from the WSe2. In addition, there is evidence 
of oxygen vacancies in the HZO film being passivated at high temperatures. Lastly, X-ray 
diffraction (XRD) was used to confirm crystallization of the HZO within the temperature range 
studied. 
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Introduction 
 Ferroelectrics have been utilized in non-volatile memory devices owing to their bi-stable 
and reversible polarization states and low power consumption [1]. The most common 
ferroelectrics in such devices, such as lead zirconate titanate, however, suffer from size scaling 
effects [2] that limit the accessible technology node to 130 nm [3]. The relatively recent 
discovery of ferroelectricity in sub-20 nm thick, crystalline silicon-doped HfO2 [4] offers a 
potential pathway toward continued device scaling [5] and development of new devices utilizing 
the switchable polarization. Such devices include ferroelectric field effect transistors (FeFETs) 
[6, 7] and negative differential capacitance FETs [8, 9]. The ferroelectric response in HfO2-based 
materials has been attributed to a metastable non-centrosymmetric orthorhombic phase, with 
space group Pca21 [10]. This orthorhombic phase may be stabilized over the equilibrium 
centrosymmetric monoclinic phase through reduced film thickness and/or constrained grain size 
[11, 12], biaxial stress [13-15], oxygen vacancies [16, 17], and dopants, such as Si, Al, Y, Gd, 
and Zr [4, 18-21]. Zr substitution for Hf to form hafnia zirconia alloys is particularly promising 
for device applications, as these alloys exhibit low crystallization temperatures [22], possess 
ferroelectric properties that are resistant to degradation with annealing [23], and demonstrate a 
large composition space that enable ferroelectric phase formation [19]. 
 Some of the potential ferroelectric-based memory devices, such as FeFETs, require 
contact between the ferroelectric oxide, acting as a gate dielectric, and semiconducting channel 
[24-28]. A poor interface between ferroelectric materials and silicon presents a challenge in 
integration with traditional semiconductor technology. Some issues include interdiffusion of 
constituents across the interface, and the presence of an interfacial dielectric layer (SiO2) 
between the ferroelectric and silicon [29, 30]. Thus, a potential alternative would be to use 
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transition metal dichalcogenides (TMDCs) as the semiconducting material in FeFETs. Due to 
their 2D van der Waals nature, TMDCs have strong in-plane covalent bonds with no out-of-plane 
dangling bonds, thus providing high in-plane chemical stability, leading to an improved interface 
quality with the ferroelectric without intermixing or interfacial chemical species [31]. In this 
work, we consider the thermal stability of this interface, which is important for identifying 
potential processing limitations. 
Hafnium zirconium oxide (HZO) films deposited by atomic layer deposition (ALD) are 
typically amorphous and require annealing at temperatures ranging from 400-800 °C for 
crystallization [14, 15, 32]. Thus, the ferroelectric/TMDC heterostructure must be able to 
withstand these temperature excursions. Exposing ferroelectric/TMDC heterostructures to high 
temperatures in the fabrication of ferroelectric-based devices has been shown in previous work 
[26], with the focus being mainly on the device fabrication and not on the interface itself. The 
present study is limited to the direct interface between the ferroelectric and the TMDC. 
In this study, we explore HZO as our ferroelectric, and examine its interface with 
semiconducting TMDCs, MoS2 and WSe2. While it is conventional to prepare HZO on an 
electrode (e.g. TiN) [19], doing so would require transfer of the TMDC onto the HZO after the 
HZO is prepared. It is known that transfer processes introduce contaminants by leaving behind 
residues that could affect the interface and device properties [33-37]. Thus, in this work, we 
directly grow HZO on TMDCs through ALD, and show differences in the efficacy of the ALD 
process depending on the TMDC and its functionalization. The focus of this work is to study 
how the interface changes at anneal temperatures that are conventional to crystallizing HZO 
films (i.e. 400-800 °C). 
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Methodology 
 Two types of geological MoS2 (SPI Supplies [38]) substrates were used – untreated and 
ultraviolet-ozone (UV-O3) treated. The untreated sample was mechanically exfoliated with 
Scotch tape in order to remove the topmost layers of MoS2 and expose a clean surface. The UV-
O3 treated sample was a similarly exfoliated sample that underwent UV-O3 treatment in air for 
30 s using a UV grid lamp connected to a 3 kV, 0.03 A power supply (BHK, Inc.). Prior work 
has shown that UV-O3 enhances ALD nucleation on MoS2 and leads to more uniform growth of 
Al2O3 and HfO2 [39, 40]. Previous reports have used UV-O3 treated MoS2 in transistors [41, 42], 
and have shown that this UV-O3 functionalization of MoS2 allowed deposition of a continuous 
HfO2 dielectric layer with low leakage [43]. 
 WSe2 was grown on a 1 x 1 cm square of highly ordered pyrolytic graphite (HOPG) from 
SPI Supplies [38] using molecular beam epitaxy (MBE) in an ultra-high vacuum (UHV) system 
described elsewhere [44]. The HOPG crystal was outgassed for approximately 12 h in the MBE 
chamber at 250 °C. The WSe2 growth was performed at 550 °C with a Se:W flux ratio of 7500:1. 
An initial ripening step was carried out wherein the sample was periodically exposed to the W 
flux for 30 s in 90 s intervals while the Se flux was kept constant. This interrupted growth 
technique is adapted from literature [45, 46]. Additionally, the use of a ripening step has also 
been demonstrated in other reports [47, 48]. The ripening step was conducted for a total of 38 
min, after which the sample was cooled in a Se flux until it reached 375 °C. At this temperature, 
the Se flux was terminated, and the sample was continuously cooled to below 100 °C. The 
sample was then reheated to growth temperature. An uninterrupted growth followed, in which 
the W and Se fluxes were kept constant for 2 h 40 min. The growth rate was monitored through 
in-situ reflective high energy electron diffraction (RHEED), and the growth was ended when 
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approximately 4 layers of WSe2 were formed on the substrate. At the end of the growth, the 
sample was cooled to 275 °C in a Se flux to minimize chalcogen vacancies. At 275 °C the Se 
flux was turned off to avoid Se adsorption on the surface, and the sample was further cooled to 
room temperature. This employed MBE growth procedure results in repeatable WSe2 chemistry, 
as will be discussed in future publications. 
The untreated MoS2, UV-O3 treated MoS2, and as-grown WSe2 were all loaded side-by-
side into an Oxford FlexAL II ALD instrument for deposition of HZO. ALD was conducted at 
150 °C utilizing Tetrakis(ethylmethylamido)hafnium (TEMA-Hf) and 
tetrakis(ethylmethylamido)zirconium (TEMA-Zr) precursors in a 1:1 dose ratio with H2O as an 
oxidant and argon as a carrier gas. The precursor temperatures were 70 °C for TEMA-Hf and 85 
°C for TEMA-Zr. For HZO deposition, unless otherwise stated, the deposition sequence was 
such that the TEMA-Hf precursor was introduced first, followed by oxidant, and then the 
TEMA-Zr precursor, followed by oxidant. The pulse and purge times were 1 s and 3 s, 
respectively, for TEMA-Hf, and 1.5 s and 6 s, respectively, for TEMA-Zr. Following each 
precursor dose, the H2O oxidant was pulsed for 20 ms and evacuated for 16 s. The growth rates 
per cycle for HfO2 and ZrO2, calibrated on bare silicon substrates, were approximately 1.2 
Å/cycle and 1.4 Å/cycle, respectively. In addition, we note that these ALD conditions are 
optimized for uniformity across a 100 mm wafer, and the three samples loaded were all placed 
within this 100 mm diameter. A film thickness of approximately 1 nm (4 total Hf and Zr cycles) 
was targeted for samples for interface chemistry studies using X-ray photoelectron spectroscopy 
(XPS). The 1 nm film thickness allows measurement of the XPS core levels of both the 
underlying TMDC substrate as well as the HZO film on the surface. 
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 Sequential heating and XPS were performed on the HZO/TMDC samples in the same 
UHV chamber described previously [44]. XPS spectra were taken using a monochromated Al 
Kα X-ray source at 300 W with a Scienta Omicron R3000 analyzer at a pass energy of 50 eV. 
XPS measurements were acquired after HZO deposition, after annealing in UHV for 20 min at 
400 °C, and after annealing in UHV for 40 min each at 500 °C, 600 °C, 700 °C, and 800 °C. The 
anneals at each temperature were performed on all three samples simultaneously, meaning that 
the three samples were maintained at the same temperature for the same amount of time for each 
annealing step. Spectral analysis of XPS results was carried out using kolXPD software [49]. All 
peaks were fit with Voigt lineshapes. 
In addition to the samples for XPS studies, two separate samples with thicker layers of 
HZO were prepared for X-ray diffraction (XRD) measurements to assess crystallization. 
Approximately 10 layers of WSe2 was MBE-grown on an AlN/Si (111) substrate using the same 
method described for the WSe2 growth on HOPG. After MBE growth, ~20 nm thick HZO (83 
total Hf and Zr cycles) was deposited on the WSe2 by ALD under the same conditions as 
described above. Note that for these samples for XRD, AlN/Si (111) was used as the substrate 
instead of HOPG because the (002) peak of HOPG at 26.6° in 2θ would interfere with the signal 
of HZO, whose peaks of interest are within the 2θ range of 26-33°. A Rigaku Smartlab X-ray 
Diffractometer using Cu Kα radiation in a parallel beam configuration with a fixed incident 
angle of 0.7° (greater than the critical angle for total external reflection) was used for grazing-
incidence X-ray diffraction (GIXRD) measurements to assess crystallinity and phase 
assemblage. GIXRD measurements were performed in the 2θ range of 26-33° as this region 
possesses reflections of the possible polymorphs: the monoclinic P1 21/c1 phase, tetragonal 
P42/nmc phase, and orthorhombic Pca21 phase. 
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Results and Discussion 
 
HZO Atomic Layer Deposition Efficacy 
 Figure 1 shows the XPS spectra of the TMDC substrates immediately following HZO 
deposition. The detected features correspond to the expected peaks based on the chemical 
bonding environment of MoS2 and WSe2 (Mo-S and W-Se bonds, respectively). We note that for 
the WSe2 sample, oxidation of W (W-O bonds) from the ALD process was evident, and this is 
discussed further in later sections. A non-covalent interface between the TMDCs and HZO film 
is expected, as a smooth interface without intermixing between TMDCs and oxides such as HfO2 
[40, 50-52], ZrO2 [53], and Al2O3 [39, 52, 53] have been observed through photoemission 
spectroscopy and electron microscopy techniques in previous reports. 
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Figure 1. XPS spectra of the TMDC substrates after HZO deposition: untreated MoS2 (a), UV-
O3 treated MoS2 (b), and WSe2 grown via MBE (c). The different core levels and chemical states 
are labeled. 
 
Shown in Fig. 2 is the Hf 4f region for all three samples after HZO deposition. The peak 
intensities are related to the amount of HZO deposited on each sample. It should be noted that 
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the ALD conditions used were optimized for uniformity across a 100 mm wafer, indicating that 
any differences in thickness are not attributable to ALD processing nonuniformities. Since HZO 
deposition was performed with all three samples in parallel, and all were exposed to air for the 
same amount of time between the ALD process and XPS characterization, the differences in 
peak intensities can be confidently assumed to indicate differences in the efficacy of the same 
HZO deposition process. 
 
Figure 2. Hf 4f spectra after ALD of HZO on as-grown WSe2, UV-O3 treated MoS2, and 
untreated MoS2. 
 
The untreated MoS2 sample resulted in the lowest Hf 4f peak intensity after HZO 
deposition. It is likely that the HZO deposited on untreated MoS2 is composed of islands, rather 
than a uniform HZO film. A poor ALD oxide film morphology on a non-functionalized MoS2 
surface has been shown previously in other works [39, 50]. 
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The UV-O3 treated MoS2 sample resulted in the highest Hf 4f peak intensity. Prior 
research has shown that UV-O3 treated MoS2 results in a functionalization of the surface that 
increases the number of nucleation sites for ALD of oxides on MoS2, which leads to uniform 
film deposition [39]. The functionalization of the MoS2 surface through UV-O3 exposure, as 
reported by Azcatl et al. [39], is achieved by forming bonds between sulfur and oxygen atoms 
adsorbed on the surface, without breaking the Mo-S bonds. The oxygen-terminated surface 
provides ideal nucleation sites for ALD, leading to good film morphology and uniformity. 
However, long exposures of MoS2 to UV-O3 have also been found to oxidize the Mo, which 
compromises the MoS2 [37, 54]. In this work, the process developed by Azcatl et al. has been 
found to be transferrable to a bench-top UV lamp, with 30 s of UV-O3 exposure in air. XPS 
results showing the differences between as-exfoliated (untreated) MoS2 and UV-O3 treated MoS2 
can be found in Fig. S1 of Supporting Information. XPS shows that a 30 s UV-O3 treatment 
provided S-Oads bonds without breaking Mo-S and forming Mo-O. 
As shown in Fig. 2, this functionalization allowed improved nucleation and growth of 
HZO by ALD, as evidenced by the increased Hf 4f peak intensity for the UV-O3 treated sample. 
The ALD was found to be most optimal for UV-O3 treated MoS2, and least optimal for untreated 
MoS2. The intensities of the Hf 4f peaks for the as-grown WSe2 and untreated MoS2 samples are 
similar, but it will be shown later that the HZO film on untreated MoS2 is highly unstable at 
elevated temperatures, whereas the HZO film on as-grown WSe2 is comparatively stable. 
Furthermore, it is known that UV-O3 treatments of WSe2 can lead to etching of the WSe2 [40], so 
this was not employed here. 
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HZO Thermal Stability on MoS2 
 To demonstrate the difference in the thermal stability of HZO on non-functionalized 
(untreated) vs. functionalized (UV-O3 treated) MoS2, Fig. 3 shows the evolution of the Hf 4f 
spectra on both types of MoS2 at varying anneal temperatures, conducted under UHV conditions. 
 
Figure 3. Hf 4f spectra of HZO deposited on untreated MoS2, (a), and UV-O3 treated MoS2, (b), 
after ALD and after each annealing step. 
 
 For the non-functionalized MoS2 sample as shown in Fig. 3a, the Hf 4f features at 
approximately 17 eV and 19 eV decrease in intensity after the 400 °C anneal. At the higher 
temperature anneals, the Hf 4f peak intensities decrease further. This suggests that the HZO film 
is removed with heating the untreated MoS2 sample. We acknowledge that a decrease in XPS 
peak intensity could be interpreted as diffusion of the HZO components into the bulk, but this is 
unlikely when decreasing peak intensities are not observed for the parallel sample (UV-O3 
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treated MoS2). The decreasing trend can also be observed with the Zr 3d spectra of the untreated 
MoS2 sample (shown in Fig. S2 of Supporting Information), and there are no discernable Zr 3d 
peaks for anneal temperatures higher than 400 °C, further elucidating the removal of the HZO 
film on untreated MoS2 at high temperatures. Because there are no detectable Zr 3d features 
remaining at anneal temperatures of 500 °C and higher, while small Hf 4f peaks are still detected, 
this suggests that the Zr species are desorbed before the Hf species. To verify that this is not an 
effect of the order in which the ALD precursors were deposited, a separate HZO on untreated 
MoS2 sample was prepared wherein the deposition order of the precursors was reversed, i.e. 
TEMA-Zr was the first precursor introduced to the growth chamber followed by oxidant and 
then TEMA-Hf. The results for this additional sample are shown in Supporting Information (Fig. 
S3) and reveal the same behavior of near complete reduction of Zr 3d signals and significant 
reduction of Hf 4f peaks. Reasons for preferred sticking of HfO2 over ZrO2 on MoS2 are not clear 
at this time and will require further investigation. The removal of HZO from the untreated MoS2 
surface at temperatures > 400 °C is consistent with the model for ALD on MoS2 proposed in 
earlier work [50]. In that work, it was suggested that depositions on MoS2 did not occur through 
reactions with the substrate, but instead relied on reactions between the precursors in physisorbed 
states on the substrate surface. The reaction products were assumed to be less volatile than the 
unreacted precursors at the deposition temperature of 200 °C, and it was still assumed to be 
lacking covalent bonds to the surface as evidenced by the lack of observable changes in the XPS 
core level spectra of the Mo or S features. This assumption of weakly bonded species that were 
less volatile than individual precursors would seem to be consistent with our present 
observations of thermal desorption at higher temperature; however, it cannot exclude that the 
presence of Zr in the present study may also play a role in the instability. 
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HZO on a functionalized MoS2 substrate, as shown in Fig. 3b, exhibits a different trend. 
The initial 400 °C anneal shows an increase in Hf 4f intensity compared to the as-deposited 
curve. This is consistent with adventitious carbon or hydroxide species being desorbed with 
heating, thus reducing attenuation effects and increasing the signal coming from the HZO film. 
Note that the desorption of adventitious contaminants also occurs for the non-functionalized 
MoS2 sample, but the removal of the HZO film dominates over the effects of removing 
contaminants, with the overall result being the decrease in the Hf 4f intensity. It is observed that 
with increasing the anneal temperature, the Hf 4f intensity in Fig. 3b stays consistent, indicating 
that most, or all adsorbates on top of the HZO film were likely removed from the initial 400 °C 
anneal. Further, the consistent peak intensity also indicates that the amount of HZO is not 
reduced with high temperature anneals, suggesting that the HZO on functionalized MoS2 is 
thermally stable for the full temperature range used in this study. This is contrary to what is 
observed for untreated MoS2, thus emphasizing that the HZO film deposited on the non-
functionalized MoS2 surface (Fig. 3a) exhibits lower thermal stability. This highlights the 
importance of functionalization for oxide growth on MoS2. As well as exhibiting low coverage, 
island growth, and a non-ideal interface, as shown previously [39, 50], this present study also 
demonstrates that ALD of an oxide on a non-functionalized MoS2 surface will produce a 
thermally unstable film. Other than changes in intensity, it is also notable that the 400 °C curve 
in Figs. 3a and 3b are shifted to higher binding energy. These peak shifts will be discussed later 
in the text. 
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HZO Thermal Stability on WSe2 
 To examine the thermal stability of the HZO film deposited on MBE-grown WSe2, the 
evolution of the Hf 4f curves after ALD of HZO and after sequential annealing is shown in Fig. 
4. The intensities of the Hf features do not change significantly within the temperature range 
studied. When compared to MoS2, these results demonstrate that HZO deposited on non-
functionalized WSe2 has superior thermal stability over a non-functionalized MoS2 substrate. 
 
Figure 4. Hf 4f spectra of HZO deposited on as-grown WSe2 after ALD and after each annealing 
step. 
 
We now turn our attention to changes in the WSe2 itself at the different annealing 
temperatures. The normalized W 4f spectra after ALD and after each anneal are plotted in Fig. 
5a. It is evident that following ALD of HZO, the W is partially oxidized, based on the presence 
of high binding energy peaks corresponding to WO3 (~35.6 and 37.8 eV). The WO3 peaks are 
observed to decrease in intensity with increasing anneal temperature, as discussed further later. 
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The presence of this oxide indicates that excess oxygen in the ALD process, i.e. water vapor and 
impurities in the carrier gas, have oxidized the tungsten. A higher density of defects such as step 
edges in the as-grown WSe2 sample makes it more susceptible to reaction with oxygen sources in 
the ALD chamber, thus forming WO3. 
Another noteworthy observation from the normalized W 4f spectra is the emergence of a 
sub-stoichiometric (WSe2-x) state after the 800 °C anneal. This state is seen as an asymmetry at 
the low binding energy side for the 800 °C curve, which has also been observed for MBE 
growths of WSe2 using low Se:W flux ratios [55]. The spectral deconvolution of the post-800 °C 
anneal W 4f spectrum is shown in Fig. 5b. In this figure, the low intensity portion of the 
spectrum is enlarged and emphasized, in order to clearly depict the WSe2-x peaks. The main 
WSe2 peaks are present at 32.2 eV and 34.4 eV (green peak fits), while the sub-stoichiometric 
peaks are at 31.5 eV and 33.7 eV (magenta peak fits). The appearance of the sub-stoichiometric 
state, WSe2-x, shows that annealing to temperatures as high as 800 °C volatilizes some of the Se 
in the WSe2 film, which makes it selenium-deficient and thus may affect its properties. This 
result shows that our as-grown WSe2 is not thermally stable beyond 700 °C. Similar 
decomposition of MBE-grown WSe2 above 700 °C has been shown in other work [56]. For the 
annealing time used in this experiment (20-40 min), we report a thermal budget of 700 °C for the 
HZO/WSe2 interface. At 700 °C and below, both the HZO and the WSe2 appear to be thermally 
stable. After annealing this sample to 800 °C, decomposition was observed in the TMDC. Some 
Se was driven off of the WSe2, leaving behind a sub-stoichiometric component in the film as 
shown in Fig. 5. 
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Figure 5. (a) Normalized W 4f spectra after ALD of HZO and after each annealing step. (b) 
Spectral deconvolution of 800 °C W 4f spectrum (red curve in (a)). Three chemical states are 
present: WO3, WSe2, and WSe2-x. Note that the WSe2 and WSe2-x peaks have similar widths. The 
WO3 features are broader because the oxide state is expected to be more disordered. 
 
Oxygen Vacancies in HZO 
The Hf 4f spectra presented above (Figs. 3 and 4) show that the 400 °C curves for all 
three samples (untreated MoS2, UV-O3 treated MoS2, and as-grown WSe2) are shifted to higher 
binding energy (+0.3 eV) with respect to their positions from the as-deposited spectra. It should 
also be noted that at 400 °C, the Zr 3d peaks (Fig. S2 of Supporting Information) shift to higher 
binding energy together with the Hf peaks. Such identical shifts in both Hf and Zr are indicative 
of an electronic change such as charging or Fermi level shifts. These shifts can be attributed to a 
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loss of oxygen in the HZO with initial heating. Shifts to higher binding energy after one 
annealing step is consistent with previous observations on TiO2, HfO2, and ZrO2 deposited on Si 
(100) [57, 58]. 
It has been reported previously that heating of oxide films causes a loss of some oxygen 
[57-59], which corresponds to introduction of oxygen vacancies. Oxygen vacancies can serve as 
n-type dopants in HfO2 [60, 61] and ZrO2 [61]. However, after anneals at 500 °C and higher, the 
Hf 4f peaks shift back to lower binding energy, which signifies that the Fermi level moves closer 
to the valence band, and is thus characteristic of a decrease in n-type charge carriers. Therefore, 
this shift to lower binding energy at the high temperatures is attributed to passivation of oxygen 
vacancies in the HZO film. This requires a source of atoms responsible for oxygen vacancy 
passivation, and we propose two possibilities: one using oxygen atoms and the other using 
chalcogen atoms. We discuss both possibilities in this section of the paper. 
We first discuss the proposed vacancy passivation mechanism involving oxygen atoms. 
Figure 6 shows the O 1s spectra of HZO on functionalized MoS2 at different annealing stages. 
The O 1s feature at each step of the process is composed of three different chemical states, as 
labeled in the figure. The high intensity oxygen peak at the low binding energy side corresponds 
to metal oxide; the intermediate peak between 532-533 eV is assigned to non-lattice oxygen (O2-) 
present in the material [62-64]; and the high binding energy feature is from hydroxide species 
adsorbed on the surface, likely from residual OH- from the ALD process as well as atmospheric 
exposure after HZO deposition. 
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Figure 6. (a) O 1s spectra of HZO on the functionalized MoS2 sample. 
 
We draw attention to the non-lattice oxygen feature. Here we note that the as-deposited 
HZO films are amorphous and therefore do not have a lattice arrangement of the atoms. 
Crystallization of these films is discussed in a later section. In the case that the HZO does not 
have a lattice, it should be noted that the non-lattice oxygen component corresponds to oxygen 
atoms that are coordinated differently. For HfO2, the oxygen atoms can have a coordination 
number of 3 or 4 [65]. We assume non-lattice oxygen to have a non-threefold and non-fourfold 
coordination. We report that after the HZO deposition, there is an excess of oxygen anions in the 
material, based on the large non-lattice oxygen peak. Negatively charged excess oxygen after 
oxide deposition has been previously reported by Fulton et al. [57, 58]. Although the majority of 
this non-lattice oxygen is removed from the film after the first anneal at 400 °C, there is still 
some O2- remaining after this initial anneal. It is known that non-lattice oxygen can react with 
oxygen vacancies ultimately passivating the defects and neutralizing charge [62, 63], so it is 
 20 
possible that the non-lattice oxygen is being consumed by the HZO film to passivate oxygen 
vacancies. We thus speculate that the remaining non-lattice oxygen, or O2- anions, after an initial 
UHV anneal are more tightly bound to the oxide film, and could act as an oxygen source for 
passivating oxygen vacancies. 
 We note that for the HZO on WSe2 sample, the WO3 could also be playing a role in 
vacancy passivation. As mentioned earlier, it is seen in Fig. 5a that the WO3 features decrease in 
intensity with increasing temperature. Thus, another potential oxygen source for passivating 
oxygen vacancies at the higher temperature anneals is this WO3 at the HZO/WSe2 interface. 
Sowinska et al. [64] and Bertaud et al. [66] have shown that oxygen vacancies in HfO2 are 
passivated by a metal oxide (TiOy) interfacial layer between their HfO2 film and a Ti top 
electrode. In the present study, it is possible that the oxygen from the WO3 is being consumed to 
passivate oxygen vacancies, which makes the HZO less n-type after higher temperature anneals 
(500-800 °C). 
For both HZO on MoS2 and HZO on WSe2, a second potential source for passivating 
atoms is the TMDC underlayer. Because the HZO is in contact with a TMDC, it cannot be 
discounted that the chalcogen atoms from the TMDC substrate could be diffusing into the HZO 
film and passivating any oxygen vacancies in it. Sulfur (from MoS2) and selenium (from WSe2) 
have the same valence as oxygen, making them both a likely candidate for being a substitutional 
atom for oxygen in the HZO lattice. For this proposed vacancy passivation mechanism, we 
speculate that at 400 °C, there is not enough thermal energy for diffusion of excess S or Se from 
the TMDC into the HZO. This is why the HZO becomes more n-type, signifying an increase in 
oxygen vacancies, at this annealing temperature. The vacancy passivation occurs at higher 
temperature anneals, wherein any excess chalcogen atoms, such as interstitials or intercalants in 
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the TMDC, are likely to have enough energy to diffuse away from the TMDC substrate and into 
the HZO. We report that changes in the widths of the XPS features due to this potential 
phenomenon are not detected in these samples because the concentration of oxygen vacancies is 
outside the detection limit of XPS. 
Based on these data it is not possible to differentiate between oxygen or chalcogen atoms 
as the source of vacancy passivation. Determining which of these vacancy passivation 
mechanisms is more likely will be focus of future work. 
 
Crystallization of HZO 
 Crystallization of the amorphous as-deposited HZO is expected to occur within the 
temperature range used in this work. With a 10 nm Hf0.5Zr0.5O2 film, Park et al. report a mixture 
of the orthorhombic and tetragonal phases after annealing at 400-500 °C, and a mixture of the 
monoclinic, orthorhombic, and tetragonal phases after annealing at 600-700 °C. They state that 
the start of crystallization occurs with the formation of the tetragonal phase, followed by the 
transformation of some grains into the orthorhombic phase because of a two-dimensional stress 
effect. At higher temperatures, the monoclinic phase is formed, primarily from the tetragonal 
phase, as the grain size increases. [32] A study by Hsain et al. confirms these phase transitions 
through in-situ high-temperature XRD, which allowed them to study the phases present in 30 nm 
films of different HZO compositions as they develop during heating and cooling. Additionally, 
they revealed that for annealing temperatures of 500-1000 °C, the monoclinic phase fraction 
increases linearly with increasing temperature. [67] 
Using XPS, we have found the HZO to show qualitative signs of ordering after annealing 
at 500 °C and higher. Figure 7 shows the Hf 4f data from Fig. 3b normalized and energy 
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corrected. It is clear from the peak-to-valley ratio, which is the ratio between the maximum 
intensity and the value between the doublet feature, that the full width at half maximum of the 
individual components has decreased after annealing at temperatures of 500 °C and higher. This 
sharpening of the peaks typically indicates some degree of increased ordering of the material. 
We report that this ordering phenomenon is because of the onset of crystallization of the HZO. 
 
Figure 7. Normalized and overlaid Hf 4f spectra of HZO on functionalized MoS2 (from Fig. 3b). 
 
All three samples discussed above were for interfacial studies through XPS and thus 
comprised a very thin layer (~1 nm) of HZO. We fabricated two separate samples for XRD to 
further examine the crystallization of HZO deposited on top of a TMDC. Approximately 10 
layers of WSe2 was MBE-grown on an AlN/Si (111) substrate using the same method described 
for the WSe2 growth on HOPG. After MBE growth, nominally 20 nm of HZO was deposited on 
top of the WSe2 through ALD. 
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The first sample (HZO/WSe2/AlN sample 1) was subjected to a series of anneals in UHV 
for 40 min at each of the following temperatures: 400 °C, 500 °C, and 600 °C. This annealing 
procedure replicates that of the samples in the XPS study. GIXRD measurements were 
performed after each annealing step. No peaks were observed in any of the diffraction 
measurements; the pattern measured after the 600 °C anneal is shown in blue in Fig. 8. 
The second sample (HZO/WSe2/AlN sample 2) was subjected to a 600 °C anneal in UHV 
for 80 min rather than 40 min to allow more time for grain growth. The GIXRD pattern for this 
sample after the 600 °C anneal is shown in black in Fig. 8. The pattern indicates that the HZO 
has crystallized and demonstrates mixed phase assemblage due to the presence of both 
monoclinic and orthorhombic and/or tetragonal peaks. The peak at 30.5° presents challenges in 
indexing due to similar d-spacings of the orthorhombic and tetragonal phases; therefore, this 
peak could be the result of the orthorhombic (111) reflection, the tetragonal (101) reflection, or 
both. The peak at 31.7° can be attributed to the monoclinic (111) reflection. It is interesting to 
note that the monoclinic (111) reflection at 28.3° is of much lower intensity than the monoclinic 
(111) reflection, suggesting that some degree of crystallographic texture exists, or that the strain 
state of the film has resulted in preferred orientation of the monoclinic phase, as the (111) and 
(111) reflections represent planes of the same family that are related by a ferroelastic 
transformation. 
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Figure 8. GIXRD patterns of the 20 nm thick HZO on WSe2 samples. For these measurements, 
the X-ray incident angle was fixed at 0.7°, and the 2θ range of 26-33° was measured. The pattern 
for sample 1 after the 600 °C annealing step for 40 min is shown in blue, while the pattern for 
sample 2 after the 600 °C anneal for 80 min is shown in black. Markers designate reflections for 
tetragonal, orthorhombic, and monoclinic phases.  
 
We note that while a 40 min anneal, used for HZO/WSe2/AlN sample 1, was sufficient to 
observe peak narrowing by XPS, it did not yield detectable peaks in XRD. We speculate that 40 
min was sufficient to generate short range atomic order, possibly in the near-surface region to 
which XPS is most sensitive, but was insufficient to suitably coarsen them. In previous work it 
was shown that newly formed grains in 2.8 nm thick HfO2 were ~1-2 nm in size [59]. These 
grain sizes would be expected to produce peaks that are too broad (~10 degrees in 2θ) to be 
observable by XRD. For HZO/WSe2/AlN sample 2, the anneal time was longer to allow grain 
coarsening, such that XRD peaks are observable (Fig. 8). 
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Conclusions 
 We have examined the thermal stability of HZO grown directly atop TMDCs (MoS2 and 
WSe2) of interest for next generation non-volatile memories and advanced low power transistors. 
For MoS2, the importance of functionalizing the MoS2 prior to ALD, in order to produce a high-
quality and thermally stable oxide film, was demonstrated. The HZO film deposited on a non-
functionalized MoS2 substrate was unstable with temperature, wherein removal of the HZO 
overlayer began at a 400 °C anneal. ZrO2 species were fully removed after a 500 °C anneal, 
leaving behind trace amounts of hafnium oxide, which shows that HfO2 sticking on the MoS2 
surface is preferred over the sticking of ZrO2. HZO on a functionalized UV-O3 treated MoS2 
substrate, on the other hand, did not show signs of decomposition, and both the HZO and the 
MoS2 were stable between 400-800 °C. For the as-grown WSe2 film, a thermal budget of 700 °C 
is reported. The W 4f spectra showed an asymmetry in the low binding energy side after an 
800 °C anneal, which signifies the appearance of a sub-stoichiometric state, WSe2-x. We also 
report on possible mechanisms for passivating oxygen vacancies in the HZO. Lastly, 
crystallization of the HZO was examined, and the monoclinic, tetragonal, and orthorhombic 
phases were observed via XRD after annealing for 80 min at 600 °C, demonstrating that 
functional crystalline films can be directly integrated on TMDCs. 
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 Figure S1. Mo 3d and S 2p spectra of MoS2, as-exfoliated (untreated) (a) and after UV-O3 
exposure in air for 30 s (b). Through UV-O3 treatment, the MoS2 is functionalized by adsorbed 
oxygen atoms on the surface, forming S-Oads bonds that are confirmed with XPS. 
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 Figure S2. Zr 3d spectra of HZO deposited on untreated MoS2, (a), and UV-O3 treated MoS2, 
(b), after ALD and after each annealing step. For untreated MoS2, the Zr 3d peaks significantly 
decrease in intensity after annealing, and are no longer discernable after annealing to 500 °C and 
higher. For the spectra of both samples, note that the peaks for the 400 °C anneal curves 
(maroon) are shifted to higher binding energy (~0.3 eV higher), exhibiting a similar trend as the 
Hf 4f spectra (Figs. 3 and 4). This shift to higher binding energy after the first annealing step is 
attributed to a loss of oxygen in the HZO with initial heating. 
 
 33 
 Figure S3. Zr 3d and Hf 4f spectra of an additional HZO on untreated MoS2 sample. For this 
sample, the Zr precursor was deposited before the Hf precursor, which is the opposite deposition 
order for the HZO samples discussed in the main paper. It can be seen that even with the order of 
the precursors reversed, the Hf species are still retained on the sample surface better than the Zr 
species. The Zr 3d doublet (seen at ~183 eV and ~186 eV in the black curve) is not present after 
the 400 °C anneal, indicating loss of the Zr species, but detectable peaks are still evident in the 
Hf 4f spectra (~17 eV and ~19 eV), which are indicative of Hf species remaining on the sample. 
 
